The reaction force of shield launching usually comes from the main structure behind the launching shaft. Due to special reasons, however, the main structure behind the launching shaft sometimes fails to provide a fulcrum to the upper structure of the reaction frame. In this case, the optimization plans should be sought for. In light of the delay in completing the middle plate of the main structure behind the launching shaft in a large diameter shield tunnel, this paper, aiming at ensuring the scheduled launching of the shield tunneling machine, proposes an optimization plan that moves the fulcrum of the reaction force from the middle plate to the bottom plate via inclined supports, and analyzes and evaluates the safety of the reaction frame optimization plan for shield launching through the combination of numerical simulation and field measurement.
Introduction
As an advanced tunnel construction technology, the shield method has become the mainstream approach to construct cross-river tunnels thanks to its unique advantages. [1] [2] [3] [4] The shield launching is of critical importance to the entire project because it is the make-or-break phase of the shield tunneling. Overshadowed by extremely high construction risks, this phase brings more difficulties to the control of the attitude of the shield tunneling machine and the ground subsidence than the normal stage. [5] [6] [7] [8] Against this backdrop, Engineers are much concerned about whether the support strength and overall stability of the reaction frame, the source of the reaction force for shield launching, meet the safety requirements.
In view of the above issue, the following research has been carried out by industrial experts.
For instance, Zhao Baohu et al. put forward a field monitoring plan based on the numerical calculation of the stress distribution of the shield launching reaction frame in Wuhan Yangtze River Tunnel, analyzed the load distribution and changes of the reaction frame during shield launching in light of measured data, and thereby provided the source data for reaction frame strength analysis and optimization design in shield tunneling. [9] Whereas it is impossible to deploy reaction frame in the vertical shafts of the tunnels crossing the Yellow River, Fu Zhiyuan et al. succeeded in the plan to transform the vertical shaft wall into a load bearing reaction pedestal that provides the launching reaction force for the shield tunneling machine. [ 
10] Wu
Yanxia designed the structure of shield launching reaction frame (steel ring, main beam, supports and embedded parts), performed finite element calculation and analysis, and applied the design to several metro construction projects. It is proved in the analysis and applications that the reaction frame has sufficient strength and stiffness to provide the reaction force for the launch of the shield tunneling machine. [11] The research object of this paper is the Xiangjiang River Tunnel on Nanhu Road, Changsha, China. The large diameter shield tunnel (φ11.65m) is affected by the delay in land acquisition and resettlement. The middle plate of the main structure behind the launching shaft has not been completed as planned, resulting in the lack of the fulcrum to the upper structure of the reaction frame. To ensure the scheduled launch of the shield tunneling machine, this paper prepares an optimization plan to alter the horizontal supports of shield launching reaction frame into inclined supports, thus moving the fulcrum of the reaction force from the middle plate to the bottom plate.
Besides, it employs FLAC3D finite element software to calculate the axial force and stress of the inclined supports, and preliminarily demonstrates the feasibility of the inclined supports plan. In addition, this paper presents a stress and displacement monitoring plan for the shield launching phase, aiming at monitoring the whole process from shield launching to the removal of temporary segments in real time. The monitoring results are used to evaluate the safety of the optimized reaction frame. This is the first time for any Chinese scholar to optimize the shield launching reaction frame of large diameter shield tunnel with inclined supports. The proposed plan opens a new way for the design of shield launching reaction frame.
Overview of Reaction Frame Design
The Xiangjiang River Tunnel on Nanhu Road is the first highway tunnel in Hunan Province 
Numerical simulation of reaction frame safety
In consideration of the pulling resistance and shear strength of the columns, the foundation, the inclined supports and the bottom pedestal, the optimization plan adopts local strengthening measures. Since this is not enough to maintain the overall safety of the optimization plan, the author makes further analysis of reaction frame safety by FLAC 3D numerical calculation software.
Simplification and establishment of the model
The model is simplified for the numerical analysis ( Figure 4 ). The reaction frame and the supports are simulated by beam elements, the bottom plate is simulated by solid element, which is linear elastic material, and the lower soil is simulated by solid element, which follows the Mohr-Coulomb yield criterion. The boundary conditions are: (x) is the horizontal constraint, (y)
is the longitudinal displacement constraint, (z) is the vertical restraint, and the upper surface is free. The structure elements abide by the following boundary conditions: the beams are rigidly connected to the columns; the lower ends of the columns are fixed to the foundation and the top ends are free. The inclined supports are rigidly connected to the reaction frame via the same node, and fixed to the bottom plate. The horizontal supports at the bottom are rigidly connected to the reaction frame, and the tension rod of the lower beam is rigidly connected to the beam; the rod is fixed to the floor.
Fig.4. The simplified model for numerical simulation
The worst working condition is considered in the calculation (the first tunnel ring). The geometrical and physical properties of the structural elements are shown in Table 1 below, while the parameters of the stratum and reinforced concrete floor are shown in Table 2 .
Tab.1. Geometrical and physical parameters of the reaction frame and inclined supports 
Determination and simplification of shield launching thrust
The shield launching thrust is simplified into a 3,000T (lower than 3,000T in actual launching) uniform force on the beam element node. Due to the 4% descent at shield launching, there is a 4% angle between the thrust and the horizontal direction. Figure 5 displays the simplified mechanical model of the shield launching thrust. 
Axial force and stress of inclined supports
Under the 3,000T launching thrust, the axial force and the corresponding stress of each support of the reaction frame is as shown in According to the results of numerical calculation, under the action of 3,000T thrust, the upper inclined supports have the largest axial force, followed by the middle-inclined supports, while the lower inclined supports have the smallest axial force. The stress of each of the 6 supports is smaller than 180.8Mpa, the allowable stress of the Q235 steel (the safety factor is 1.3), which satisfies the strength requirements on steel supports.
Reaction frame deformation
The 3,000T thrust causes a certain amount of deformation to the reaction frame. (Figure 6 )
The most obvious deformation is about 32mm, which appears at the upper beam and tends to move upward. The columns and the lower beam have very slight deformation, which is between 5mm and 8mm. The significant horizontal deformation of the upper beam is caused by the simplification of the model. Since the model does not take the C beam into account, the actual deformation must be less than the calculation results, and should be determined by construction monitoring. 
Analysis and discussion of monitoring results
The actual thrust of the shield tunneling machine is 1,500T. When the machine excavates to the 30th ring, the thrust reaches 4,000T. (Figure 9 ) At this time, part of the thrust is balanced by the friction between the lining ring and the surrounding rock wall. After calculating the magnitude of the fracture, it is found that the actual thrust on the reaction frame is smaller than 3,000T. The author carries out a three-month-long real-time field monitoring of the displacement and stress from the 1st tunnel ring at the launching to the 50th tunnel ring, and removes the reaction frame and the 51st tunnel ring. According to the deformation monitoring results of the reaction frame, the y-direction deformation at all measuring points increases gradually at the beginning of the excavation. However, after the tunnel has been excavated to a certain distance, the deformation of each measuring point gradually declines towards the stable value (3~5mm).
Tab.4. The maximum displacement of the reaction frame (mm) Table 4 lists the maximum displacement of the measuring points. It can be seen that the reaction frame moves up slightly (by about 2mm), which is basically negligible. In the shield launching phase, the reaction frame suffers a certain amount of deformation laterally (the xdirection). The deformation is small (5mm at the maximum), but subjected to direction changes. This indicates that the force transmitted from the jack of the shield tunneling machine to the reaction frame is loaded unsymmetrically during the shield launching phase. Comparatively speaking, the reaction frame has a larger displacement in the direction opposite to the shield launching (the y-direction), which is maximized at 17.5mm. The displacements of the left and right columns are largely the same, with very minor differences.
The above monitoring results show that the deformation of the reaction frame is very small and tends to be stable. Hence, the optimized plan can meet the stability requirements of the shield launching reaction frame. and decline. When the shield tunneling machine starts to operate, the thrust is entirely applied to the reaction support. As the excavation continues, the thrust is partially balanced by the friction between the partial segments and the surrounding rock, and the axial force of the reaction frame gradually declines. After reaching the 10th tunnel ring, the thrust rockets up, and so it is with the axial force of the reaction frame. Between the 20th ring and the 45th ring, the axial force of the reaction frame is relatively stable because the increase in thrust is almost the same with the increase in the amount of thrust balanced by the external friction of the partial segments. Passing the 45th ring, the axial force of the reaction frame begins to fall slowly because the friction between the partial segments and the surrounding rocks continues to rise as the thrust no longer increases. When it comes to the 50th ring, the axial force of the reaction frame stabilizes and remains on a low level because the reaction force required for excavation is largely provided by the friction between the partial segments and the surrounding rocks. In this case, the reaction frame can be removed.
The above monitoring results show that the upper inclined supports have the highest axial force, which is about 1,900kN; the corresponding stress is 48.2Mpa, much smaller than the allowable stress of Q235 steel. Therefore, the optimized reaction frame satisfies the requirements on shield launching strength.
(3) Comparison with the numerical calculation results
1) The author carries out a preliminary numerical calculation of the support strength and reaction frame stability and a targeted monitoring of the construction process. The results of the two methods are highly consistent: both meet the safety requirements of shield launching.
Meanwhile, the monitoring results verify the reliability of the numerical calculation.
2) The thrust of numerical calculation is twice the magnitude of the actual thrust (the first tunnel ring). Under this condition, both the support strength and reaction frame stability fulfil the safety requirements. The optimization plan is very conservative, leaving a space for further improvement. In actual construction, one can step up the progress by properly increasing the shield launching thrust in light of the monitoring results.
Conclusion
Targeted at the Xiangjiang River Tunnel on Nanhu Road, a large diameter shield tunnel, this paper puts forward a plan to optimize the reaction frame to handle the absence of the fulcrum of reaction force caused by the delay in completing the middle plate of the main structure behind the launching shaft. Through numerical simulation and analysis and field monitoring, it is revealed that the stress and deformation are within the allowable range, indicating that the optimization plan features simplicity, reliability and desirable application effect.
This paper discovers that there is some surplus in the support strength and stability of the reaction frame. In view of the monitoring results, the shield launching thrust should be properly adjusted in actual construction to optimize the construction plan without sacrificing the safety.
With inclined supports, the proposed reaction frame structure provides support and reaction force for shield excavation, and resolves the delay in actual construction of the main structure behind the launching shaft in an effective manner. Nevertheless, the unsymmetrical loading should be avoided during the excavation. The successful application of the proposed reaction frame, which is characterized by the inclined supports, provides a valuable reference for similar projects.
